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ABSTRACT The carbohydrate-binding site in Fab fragments of an antibody specific for Salmonella serogroup 
B O-polysaccharide has been probed by site-directed mutagenesis using an Escherichia coll expression 
system. Of the six hypervariable loops, the CDR3 of the heavy chain was selected for exhaustive study 
became of Its significant contribution to binding-site topography. A total of 90 mutants were produced 
and screened by an affinity electrophoresis/ Western blotting method. Those of particular interest were 
further characterized by enzyme immunoassay, and on this basis seven of the mutant Fabs were selected 
for thermodynamic characterization by titration microcalorimetry. With regard to residues that hydrogen 
bond to Hgand through backbone interactions, Ory 102H could not be substituted, while several side chains 
could be introduced at Gry IOQH and Tyr lWH with relatively little effect on antigen binding. There was, 
however, a preference for nonpolar side chains at position 103H. Substitution of His KlK with carboxylate 
and amide side chains gave mutants with binding affinities approaching that of the wild type; oomplete 
side-chain removal by mutation to Gly was tolerated with a 10-fold reduction in binding constant Analysis 
of binding by titration microcalorimetry revealed some dramatic thermodynamic changes hidden by the 
similarity of the binding constants. Similar effects were observed with residue changes in an Arg-Asp 
salt-bridge at the base of the loop. These results indicate that alterations to higher affinity anti-carbohydrate 
antibodies are characterized by an enthalpy-entropy compensation factor which allows for fundamental 
changes in the nature of the binding interactions but impedes engineering for increases in affinity. 
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As evidence for the crucial role of carbohydrates as 
recognition elements in cellular functions Increases, so does 
the desirability of gaining a fun understanding of how the 
biological roles of carbohydrates are exerted through their 
interactions with proteins (Vyas, 1991). A recent increase in 
the number ofwcll-rclined structures has provided considerable 
insight into the atomic interactions at play in these processes. 
In our laboratory, the details of carbohydrate binding by 
antibodies have, for the first time, been described at atomic 
resolution. The crystal structure of a Fab complexed with a 
So/mofteVfeO-antigenofserogr^ 
resolution (Cygfer etal, 1991). The antigen, buOt from the 
four-sugar repeating unit 

{-*2)far>Abe 1 (l-^3)]ar>Man(l-*4)oL-Rha(l-* 

3)«r>Gal(l~*) 

is bound in a "pocket'-Uke site via a network of hydrogen 
bonds and van derWaals contacts (Figure 1). Abequoscthe 
immunodominant sugar, is totally buried, while mannosc and 
galactose residues lie on the protein surface and are partially 
exposed to water. 
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We have initiated a protein engineering study of the 
combining site of the anti-Salmonella antibody to test the 
various sheresiduesand to complement antigen analog studies. 
Such detailed analyses of well-defined protein-carbohydrate 
8tnK*nresarenec*ssary to understand 
the relationship among structure, spedfidty, and affinity in 
carbohydrate recognition systems. Without this type of 
information, strategic and astute redesign of carbohydrate 
binding sites wiil be difficult Strucfrre-function studies by 
lite-directed mutagen esii have to date been confined to sugar- 
Mndhg proteins from the bacterial periplasm (Quiocho, 1 99 1; 
Vermersch et aL, 1990, 1991). As a model system for this 
type of study, the Salmonella antibody offers several advan- 
tages in addition to the wdl-retlned crystal structure. These 
include a detailed description of binding thermodynamics 
(Sigurskjold et aL, 1991; Sigurskjold ft Bundle, 1992) and 
an efficient Escherichia colt expression system (Anand et aL, 
1990, 1991a) that yields active product through the use of 
bacterial signal peptides (Better et al, 1988; Skerra ft 
Pluckthun, 1988). With a binding constant of 2 X 10* M _l , 
the anti-Salmonella antibody has very good affinity for an 
anti-carbohydrate antibody. 

Antibody binding sites are constructed chiefly from six 
segments, three from each chain, termed CDRe, The origin 
oftheCDR-H3fromther>4e£m 
junctional and N-djversrty (Ah ft Baltimore, 1982) leads to 
far greater sequence variation in this CDR than in the other 
five. As often occurs in antibodies (Alzari et al., 1938; Mian 
et aL, 1991), the heavy-chain CDR3 of the Salmonella 
antibody makca a greater contribution to antigen binding than 
do the other five CDR loops. Four of the eight residues that 
form hydrogen bonds to the antigen reside in this loop (Figures 
1 and 2). Another feature of the H3 loop is the presence at 
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Figure 1 : Detaili of Sc 15 5-4 CDR-H3 inrolvcnjcnt in binding the 
trissecharide epitope of Salmonella serogroup B O- antigen: by- 
drogea-bandlos scheme highlighting H3 residue (in boxes) Involve- 




• Aip 106 
Tyr 1C7 

FiCUR£ 2: Heevy-chain CDR3 lequence indicating the residuei (in 
boxes) which bydrogtn-bcmd to antigen i mi the posi tfon of the Arg™- 
Aip 1 ^ iaJt-bridge. 

its base of a salt-bridge (Chothia & Lest 1987) which may 
stabilize its conformation (Figure 2). In other antibodies 
alterations to this salt-bridge gave unpredictable and inter- 
esting molts (Chicn et ai, 1989; Novotny et aL, 1990; Panka 
etaL,1988). For these reasons, our combining site engineering 
studies have focused on H3. In this paper we describe the 
results of mutagenesis of each of the four H3 contact residues 
into each of the other 19 amino add side chains. Such a 
systematic approach may lead to a batter appreciation of the 
role of this key CDR in the formation of the antigen binding 
site 

EXPERIMENTAL PROCEDURES 

Materials* Restriction enzymes and DNA-modifying 
enzymes were purchased from New England Bxotabt and 
Bethesda Research Laboratories. All DNA manipulations 
were carried cot essentially as described by Sambrock et aL 
(1989). Oligonucleotides were synthesized on an Applied 
Biosystems Model 380A automatic DNA synthesizer. En- 
zyme conjugates and substrates for innnunoassaya were 
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obtained from Caltag, Kirkegaaid and Perry Laboratories 
and Bio-Rad. 

Fab Gene Construction. The diristronic Fab construct pSai- 
Fab (Anand et aL, 1991a) consisting of the Fd and light chain 
genes, each preceded by the ompA signal peptide, in tft) 
expression plasmid pUCES (NarangetaU 1987) was modified 
somewhat prior to the initiation of this study. An unpaired 
cysteine (Cys^-) was mutated to Ser, using the coded TCT, 
to eliminate unwanted disulfide bond formation. This change 
had no detectable effect on antigen binding as measured by 
enzyme immunoassay (data not shown). Abo, a single base 
pair error at heavy-chain residue 65 (AGT, encoding Sen 
instead of the required CGT, encoding Arg) was corrected. 
This was accomplished by replacing the PfJUl (Thr 50 ") to 
Spel (Thi 74H ) segment with six synthetic oligonucleotides, at 
the same time chati^ng the 0 AG Glu 46K codon to Q AA, thus 
destroying the Xhol site at Lcu 45H , and changing the OGT 
Arg 408 codon to COG, thereby generating an£ogI site. The 
corrected plasmid was designated p&al-FabB. The pSal- 
FabB product had an affinity for antigen that was approx- 
imately 50% better than that of the Scr* a mutant (pSal-Fab 
product). 

Generation of Mutants. Sito4iiected mutagenesis was 
carried out by a double-mutation approach (Narang et aL, 
1991). For heavy-chain substitutions between positions 1 00H 
and 106H, pSal-FabB was cut at the unique Mtul (at Tbx™) 
and Sad (at Ser 1,7H ) sites and the Mlvl-Sacl segment was 
replaced in each cloning with four synthetic oligonucleotides 
(Figure 3). In each instance, the left-hand pair of oligonu- 
cleotides possessed one to three mismatches which introduced 
the codon for one substitution on the top strand and the 
anticodon for the second substitution on the bottom strand. 
The right-hand pair of oUgonuckotides was common for each 
cloning and p os s e ssed a single silent mismatch at position 
1 12H, with the result that clones derived from the top strand 
gained an extra Kail site and clones derived from the bottom 
itrand gained an extra Nhel site. These restriction sites were 
U5ed to icreen mmiprep DNA prior to sequencing. A similar 
procedure was employed to generate mutants in the 97H- 
99H and 106H-107H regions, except that a unique Bsgl site 
(recognition sequence at 9 5H* cut site a 90H) was used instead 
of Mtul and the junction between the two pairs of oligonu- 
cleotides was moved five amino acids to the left In all cases 
nucleotide sequences were confirmed by sequencing with the 
dideoxy method using the Scqucnatc kit (Ui>. Biochcmicals 
Corp.)* 

Expression and Isolation of Mutant Fabi. E. eoli, strain 
TO- 1 , harboring wild-type or mutant pSal-FabB plasmid was 
grown with shaking at 30 *C in M9 medium supplemented 
with 0.4% (w/v) caiamino acids and 5 mg/L thiamin, in the 
presence of 100 mg/L ampicilhn, At 24 h, cultures were 
induced by adding supplementary nutiienU(12goftryptone, 
24 g of yeast extract, and 4 mL of glycerol per liter) and 1 
mM isopropyi thiogalactopyranoside. After a further 66 h of 
growth, active Fab was isolated from periplasms extracts by 
affinity chromatography as described previously (Anand et 
el, 1991a). 

Affinity Electrophoresis. An affinity electrophoresis meth- 
od using acrylamide gels containing antigen was developed on 
the basis of principles originally described by Takeo and co- 
workers (Takeo & Nakamura, 1972; Takeo & Kabat, 1978). 
Native polyacrylamide gels were made for the PhaatSystem 
(Pharmacia). Separating gels were 8% acrylamide in 112 
mM Tris acetate buffer, pH 6.4, and stacking gels were 1% 
acrylamide in 56 mMTrisacetatc buffer, pH 6-4. Fortigand- 
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A. WILD-TYPE SEQUENCE OF MUTAGENESIS CASSETTE 



Brommcfletal. 



caai 



f7 01 9* 100 101 101 103 104 105 1M 101 100 109 110 111 113 1U 114 US llf 111 US 
Bur Arg Oly oiy Hi Oly Tyr Tyr Oly Asp Tyr Sip 01 y 01m Oly Ala Sfer Ua ffbr Vol Mr Mr 

& cca com on. on mo am oca ca aso met cex ace eoo ooa too ate coo ac 



B. LEFT-HAND REPLACEMENT OU0ONUCLEOT1DES 

11 M 90 100 101 103 103 104 109 106 
ttr Arg Oly Oly lis Xnj fyr Tyr Oly A*» 

CO COT #0T 00T CAS CSt TAO SM 003 OAT 

A OCA OCA OX* ASO ASO OCA CTA MO AOS 

"HIST uU- 
byo 

C. RIGHT-HAND REPLACEMENT OLIGONUCLEOTIDES 

107 10S 109 110 HI 113 113 114 115 110 117 110 
Tyr irp Oly Ola Oly Ala Mmr Laa Thr nl Mr Mr 



TAO 900 00* <U0 000 000 AOC CSO AOC OM AOC 3 
CCA 4KB CCO CO} TOO GAG TOO CM 

Fiouhh 3: Cloning procedure for the generation of CDR-H3 mutants. The wild-type sequence (A) was replaced by four oligonucleotide* 
two left-hand oligos (B) encoding the desired mutations and two right-hand oUgos (C) that introd u ce d a Kail site in dona derived from the 
top strand and an Nk*\ site in clonei derived from the bottom strand. The same right-hand oligos were used in all clonings. In thli example, 
position 102H is changed to srgjmne (and gains s Kail restriction lite) or lysine (and gains an Nkel restriction site). Mismatchei are 
donbCo-inderKned. 



containing gels, Salmonella serogroup B Oantigen prepared 
from Salmonella essen iipopolysaccharide (Svenson & Lind- 
berg, 1978) was added to separating gel mixtures to 0,005% 
(w/v) prior to polymerization. This antigen concentration 
would give at least at 50-fold excess of antigen over antibody 
In gels, assuming a Fab production level of 20 mg/L ofbacterial 
culture, and meets the requirements described by Takeo and 
Kabat (1978). Native buffer stripe were obtained from 
Pharmacia, Fab samples were electrophoreeed in gels with 
and without antigen at 10 mA for 268 Vh as recommended 
by Pharmacia for native gels. Following electrophoresis, 
Western blots were made simply by placing the gel in contact 
with PVDF membrane (Mfllipore) that had been wetted in 
methanol and soaked in 25 mM Tris-192 mM glycine, pH 
8.4. The contact time was 2 min with three consecutive blots 
being taken from the same gel* The Mots were developed 
with an anti-mouse lambda-chain-^lkaiine phosphatase con- 
jugate (CaJtag). The second and third Wots from each gel 
generally gave less background staining. The distances to 
which Fab bands migrated in the presence and absence of 
antigen were measured from the blots. The degree to which 
wild-type Fab migration was retarded py antigen 

where d is the distance migrated in the absence of antigen and 
4ai the distance in the presence of antigen, was assigned a 
value of l, and values for mutant Fab retardation relative to 
that of the wild-type were calculated* 

BtndtngAssays. Following preliminary screening by affinity 
electrophoresis, the a n tigen-bmdmg properties of mutants of 
particular relevance were fc^ 

These assays were carried out as described previously ( Anand 
et aL, 1991b) using mkrotiter plates coated with BSA-O- 
polysaccharide conjugate (£. Altaian, unpublished results). 



The binding thennodynamics of selected mutants were 
determined by titration microcnJorimetry using an OMEGA 
titration microcalorimetfir (Wiseman et at, 1989) from 
Mkrocal Inc. (Northampton, MA). Wild-type and mutant 
Fahs, at concentrations of approximately 50 pM in 50 mM 
Tris and 1 50 mM Nad, pH 8.0, were titrated with a 2 mM 
solution of synthetic triiaccharide antigen in the same buffer 
at 25 °C. The ligaad solution was injected in 20 portions of 
5jtL Thermogram dau were arialyx^ 
(Sigurskjoid et al„ 1991; Sigunhjold ft Bundle, 1992). 

RESULTS 

Targeting H3 Mutations. The H3 loop of Sei 53-4 consists 
of nine residues (99H-1 07H, sequential numbering system)* 
Four of these residues, all from the D-regjon, form hydrogen 
bonds with the bound trisacchartde (Figures 1 and 2). The 
loop is also characterized by a salt-bridge, at its base, between 
Arg WH and Asp l06H , The loop is quite shmccmpered to H3 
loops in general and is characterized by a predominance of 

glycine and tyrosine residues, with Oly ,0SR , Gly ia2H , and 
Tyr l o3 H forming hydrogen 

water molecule through NH and 0=0 groups of the main 
chain. Tyr 10SH also contributei one of several aromatic side 
chains that define the binding site. Hk l01H acceptsa hydrogen 
bond fr om C^4of mnnnose and is one of three Mstid mB re aM uea 
rjartidratmgmthehyo^oge^ Although rfis 10lH 

is largely exposed to solvent (Figure 4), antigen mapping 
studies have shown that its mteraction with majmoso is 
important These few D-regioncttxtatf 
for rito-directed mutagenesis because of their role in antigen 
binding and the fact that they arc representative of the types 
of Interactions that characterize carbohydrate binding by 
Sol 53-4. The role of the Arg^-Asp 1001 salt-bridge in 
maintaining the integrity of the combinliujiitewas also p^ 
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Figure 4: Sureovtew of (fee wild-type heavy-chain CDR3 loop (bowing internal hydrogen bond* 
salt-bridge. 
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Ttbk 1: Affinity Electropboceaw Atislyus of Antigen-Binding 
Activity of H3 Contact Residue Mutants' 
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4 The values of relative retardation are given to ±0.05. > Fab band ant 
d et ec ted. r Microcatcrimetry abo done. 

by a limited number of amino acid substitutions. Both salt- 
bridge residues art partially boned and qu ite distant from the 
binding site (Figaro 4). 

Expression and Mutagenesis ofSel 55-4 Fab. Active Fab 
fragments with interchain disulfidebonds formed m good yield 
in the £. co/i periplasm . Thodoublc-rcplaccmcnt mutagenesis 
technique provided an efficient means of mutant generation. 
Mutants identified by preliminary restriction-cut screening 
were confirmed to have the correct sequence 8 of 10 times. 
The wild-type construct gave 3-5 rag/L of active peripksmic 
product, but the yields of mutant Fab* were sometimes 
dramatically higher or lower. The five His l<MH substitutions 
that gave the most active Fab molecules (Table 1) bad yields 
ofl5-20mg/L. In contrast. Western blotting indicated that 
Introduction of cysteine residues into the loop resulted in poor 
yields of secreted produce Western blotting and Coomassie 
staining of affinity chromatography fractions showed that, 
for active mutants, all of the peripbasmk Fab was fully active. 

Affinity Electrophoresis. Mutant Fabs were screened for 
antigen-binding activity by an affinity electrophorcsis/Westeni 





12 3 4 



12 3 4 



Figure 5: Affinity electrophoresis of wild-type and mutant Bate. 
Western blots we?e jrcpored following the electrophoresis of identical 
tampiet in theabsence (A) andpresence(B) of 5Wmoj»rffo*erogroap 
D Osmigeo in the get The top of the separating gd is at the top 
of the photograph, and a free light-chain bond a visible at the bottom 
of the gel in lane 3. 1, WfloMype; 2, Hts** H Asp; 3, His™«Pbe; 4, 
Asp 3 **Tyr-Tyr rc™ Asp. 

blotting technique developed specifically for this purpose. The 
procedure has the double advantage of screening simulta- 
neously for pextptamic Fab presence and activity* In instances 
involving a change in molecular charge, the mutation is also 
confirmed by a mobility change in the native gels (Figure 5). 
The detection sensitivity was such thai unconcentrated 
periplasm lc extracts generally gave strong Fab bands using 
the standard assay conditions. As a screening method, the 
tec hniq oc a cor&iderahry more a ccurate tha n previously used 
column procedures (Narang et ai„ 1991). 

CDR Mutants. The 4 H3 residues that hydrogen bond to 
the oligosaccharide were mutated to a II other 19 amino acsds. 
Wild- type Fab coatrvb were included as a check on techniques 
(Table I)- Fab bands were readily detectable, by affinity 
electrophoresis, in periplasms extracts of most mutants with 
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Tibteil; Relative Affinity for Antigen of Salt-Bridge Mutants As 

Buimattd by Rggdaggi during Affinity Bectrophoctsii* 

' muutkn* r^ntation 

■ 1 relative to 

Thr™ Arg™ OIy«* Asp"™ Tyr ,g ™ wild type 



Ala 0.2 

Ala 0*3 

Am 0.9 

Lyt IX) 

(Ha 0.95 

lyi Glu 1X1 

Aip - At* 0.3 

- Tyr Aip liU 

- Tyr Ght ND* 
Lyi - Tyr Aip 0.9 
Lyi Tyr Ohi 0.95 

Arg Thr - - 0 

QiyAfg - ND 



• Pasta denote wild-type amino add. * Fab band pot detected. 



the notable exception of those fovorving the Incorporation of 
a cysteine residue into the loop. The results indicated that 
cone of the mutations resulted in improved affinity. 

The affinity electrophoresis results showed that Gly 100H , 
which accepts a H-bond from the ordered water molecule, 
could be replaced by several amino adds without drastic loss 
of binding activity. On the basis of titration microcaloriinctry 
data indicating that an affinity electrophoresis value of 0.85 
represented a 1 0-fold drop In binding constant, approximately 
60% of the mutants had affinities that were within an order 
of magnitude of that of the wild type. Surprisingly, very large 
side chains could be introduced without much effect; the 
activity of Gly 1WH Trp t for example, resembled that of the 
wild type. On the other hand, any substitution of Gly 1WM 
resulted in an enormous drop in activity. Results for the 
TyfiojH position, at which the backbone O-O group accepts 
a H-bond from the ordered water molecule, Indicated a 
preference for an alkyi /hydrophobic side chain, with such 
residues giving binding affinities within an order of magnitude 
of that of the wild type, 

A more exhaustive study of the His J0lH changes was 
undertaken to probe the histidine-sugar interactions that are 
so prominent in antigen binding by Set 55 -4. Introduction of 
hydrophobic side chains at this position virtually abolished 
binding. The bat substitutions wereaspartic a dd , as p aragine, 
glutamic acid, and glutamine. However, side-chain removal, 
i-e., Hh ,0lH Gly, was also tolerated to a remarkable degree. 
His ,0,H Pro and His 101 H Ser were also moderately active. He 
five most active mutants as screened by affinity electrophoresis 
were selected for more in-depth analysis and were purified by 
affinity chromatography. Indirect ELA performed with the 
purified Fabs confirmed the affinity electrophoresis results, 
giving an activity ranking of His > Asp > Asn > Gin > Glu 
> Gty (data not shown). 

Salt-Bridge Alterations. The construction of the various 
salt-bridge mutants and the affinity dectrophoresis data 
obtained for them are presented in Table II. The results 
confirmed the requirement of a positively charged residue at 
position 98H and to a lesser degree the importance of a 
negatively charged residue at position 1 06H. While Arg WH - 
Lys was fully active, Arg 92 "Ala exhibited a complete loss of 
binding activity. The absolute requirement for positive charge 
at position 98 H was further confirmed by the Thr 97 " Arg and 
Arg 9,K Thr doubk mutation. Glutamic acid was a good 
replacement for Asp at position 106H, but the requirement for 
a negative chargeatthis position was considerably less stringent 
since both Asp I06H Ala and Asp ,0SH Am displayed relatively 



good activity. Of particular interest was the double mutant 
Asp 1 06 "Tyr and Tyr 1 m H Asp, which displayed binding activity 
that was higher than that of the wild type. This was observed 
by affinity electropboresii (Table n) and cxjnfirmed by indirect 
ELA, with the latter method indicating a 3-fold increase in 
activity (data not shown). 

Titration Microcolori me try . A thermodynamic analysis 
of the five most active His l0lH mutants and the most active 
salt-bridge mutant was obtained by titration microcato imet ry 
(Table HI). The results confirmed the reliability of the affinity 
electrophoresis technique as a screening procedure insofar as 
aUfivchadJ^valuesof>2X10*M-i. At the Hij l0IH position, 
an increase of over 50% in the enthalpy terms was observed 
for the Glu and Gin mutants. However, an opposing entropic 
effect precluded any Increase in affinity. Affinities, in fact, 
were 3-4 times less than that of the wild type. This dramatic 
shift in thermodynamic parameters was not observed for the 
Asp and Asn mutants. With these mutants, AH 0 values were 
somewhat lower and AS 0 values relatively unchanged relative 
to those of the wild type. This indicated that these structural 
changes have little effect on binding chactcristics other than 
slightly weaker hydrogen bonding or van der Waals forces. 
The complete removal of the 101H side chain in the glycine 
mutant gives a molecule displaying a 10-fold lower affinity 
[(2 * 0.5) X 10*M*'],a highly favorable enthalpy term and 
a highly unfavorable entropy term. Such a result is open to 
several interpretations, such as water-mediated hydrogen 
bonding or improved contacts provided by a more flexible H3 
loop. The calorimetric data for the salt-bridge mutant in 
which the positions of Asp lwH and Tyr 10 ™ were reversed 
indicated that binding by the double mutant was completely 
enthalpy driven with neither positive nor negative contribution 
from the entropy term. However, unlike the electrophoresis 
and indirect BIA results which indicated higher activity for 
the double mutant, the binding constant of the double mutant 
as determined by microcaJorimetry [(1.7 ± OJ) x 10 5 M" 1 ] 
was the same as that of the wild type. Changing the salt- 
bridge partners to Lys and Glu resulted in a higher enthalpy 
term that was offset by an unfavorable entropy change. 

DISCUSSION 

Proteins that recognize carbohydrates must meet the unique 
challenge of discriminating among a vast number of sugar 
structures arising from the stereocitemistry of hydroxy 1 groups 
in monosaccharides and different sugar linkage possibilities. 
Failure in this regard could be disastrous since carbohydrate* 
are used as the recognition nwleculesin key celhlar processes 
(Feizi, 15*91). With a number of wcdl-refined crystal structures 
of protein-carbohydrate complexes now solved (Quiocbo, 
1991; Vyas, 1991), some insight into how these strict 
requirements are met is being acquired. The atomic features 
of carbohydrate binding are best understood for the bacterial 
periplasmic receptors involved in sugar transport (Quiocfao, 
1991). With dissociation constants in the micromolar range, 
these proteins arc at the upper end of the affinity spectrum 
for sugar-binding proteins. They are characterized by binding 
sites that are largely buried and solvent inaccessible, a f tacking 
of aromatic residues against the sugar ring, and hydrogen 
bonding of sugar hydroxyls to polar amino add side chains 
(Quiocho, 1991; Spurimo et aL, 1991; Vyas et aL, 1991). A 
considerable amount of information is also available on sugar 
binding by plant lectins and anti-carbohydrate antibodies 
(Bundle A Young, 1992). These proteins, characterized by 
affinities that aresomewhat lower than those of the periplasmic 
receptors, have binding sites that are near the protein surface 
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Table III: Thermodynamic Parametcri far Antigen Binding by Selected H3 Mataats of Scl5M 



A<?(Upd-') 



AJ^QJmor 1 ) 



-TAS* (iJ mot*) 



ff.eattWTFab 

HU' 01H — Asp 
Hii 101 * 4 — A*n 
HijiWH-KJjy 

Arg™— Lyi and Abp 1m *->G1h 
A^^Tyi tad Tyr ,07H -Afp 



ai±OJ)xiO* 
(3.7 * 1.0) X 10* 
(74* 2.1) XI* 
(7.1 A 1 J) X 10* 
(6.0 * 1.2) X 10* 
(2.0 ±05) X10* 
(5.8 db 1,0) X 10* 
(1.7*0,3) X10 5 



-30.3*0.4 

-26.1 ± a? 

-27.9±0.7 
-27.7*05 
-273*0.3 
-24.6*0.6 
-273*0.4 
-30:0* 04 



-24^*06 
-44.4 * 3.5 
^36.t * 3.0 
-22J*1.2 
-23.1 * 1.3 
-41.1*3.5 
-39.3*24 
-29.2*1.0 



-3.5*07 
ls.3 * 3.5 
8.2*3.1 
-33*1.3 
-43*1.4 
16.6 *5J 
12.1 * 2.1 
-0.7*1.1 




FIGURE 6: FcBtttktod hydrogen-bond cJiangm a gockted with Hii 10lH » 
Ghirautation. The hydrogen-bascUng scheme fa 
residueis ihown for the native complex and for the His 1 D,M Gr* mutant 
Although Gin li ftbown here, tilii potential biricntatc hydrogen bonding 
to maanose 0-4 and 0-6 could be achieved with Asp, Asn. and Gin 
and might require the participation of a bound water molecule. 

bat possess many of the features of the periplasmic receptors, 
such as the aromatic residue stacking phenomenon and a 
reliance on hydrogen bonds. With respect to hydrogen-bond 
type, the carbohydrate recognition site of the Scl55*4 antibody 
is somewhat unusual in that there is alack of carboxy late and 
amide side-chain involvement in the hydrogen-bond network 
(Cygleretal r 1991). Instead, hixtidhfi side-chain, tryptophan 
side<hain, and backbone interactions dominate the hydrogen- 
bonding scheme* The stacking of aromatic tide chains against 
the sugar ring is thought to discriminate against antigens 
carrying dtdeoxyhexcaes other than abequose. Antigen 
mapping studies by functional group replacements (Bundle 
et al, unpublished results) have shown that the binding site 
Jails to bind such antigens. 

The His 10JH mutagenesis results obtained for Sol 53-4 
revealed that a number of interrelated factors are iavorved in 
the contribution of Una residue to binding. The His 101H Qlu 
and His 1 0l Gln mutants displayed significantly higher enthalpy 
changes associated with trisaccharide binding. This is 
indicative of improved hydrogen-bond and/or van der Waals 
contacts. However, there was abo a dramatic shift in the 
entropy term which more than offset the enthalpy gain. This 
result can be explained in different ways, but all point to the 
excellent balance between surface complementarity and 
hydrogen-bonding possibilities provided by the histidine side 
chain. The Glu and Gin substitutions may have resulted in 
the introduction of an additional hydrogen bond but the 
associated motional restrictions led to a net negative effect on 
affinity, because of a highly unfavorable entropy term. The 
formation of a Wdentate hydrogen bond involving mannose 
and the Glu side chain is easily envisioned (Figure 6). 
Replacement of His l01H by dicarboxylic adds or the corre- 
sponding amides could potentially allow for simultaneous 
hydrogen bonding to both 0-4 and O4of the manncae residue. 
Hydrogen bonding of tins type has been observed in several 
carbohydrate— protein complexes and may require the par- 



SOr 




-10 o 10 
-TAS° (kJ boT 1 ) 

Figure 7: Enthalpy-entropy co mp e nsation plot for wild-type and 
mutant SolSS-4 Fabs. The straight line was obtained by linear 
regression and has slope of 0.863 with an intercept of 28 J kJ mor -1 
(r - 0.989). 

ticipation of a bound water molecule acting as either a 
hydrogen-bond donor or accepter (Vyas, 1991). Alternatively, 
the large negative entropy change could be the result of a loss 
of surface complementarity allowing one or more additional 
water molecules to be trapped in the complex The thermo- 
dynamic behavior of Hia 101M Asn and His 10lH Asp was similar 
to that of the wild type. The aide chain of Asn can be 
superimposed on the imidazole ring of histidine so that the 
amido group occupies the same position as the *-N of the 
imidazole ring, whereas the equivalent amido group of Gin 
may be superimposed an the t-N of the ring, These results 
offer evidence that the *-N of the histidine is the one that 
forms the hydrogen bond with CM mannose. 

All of the His 101H mutants were characterized by an 
enthalpy-entropy compensation effect as shown by the linear 
relationship that exists for changes in the two terms for each 
mutant (Figure 7), Enthalpy-entropy compensation has 
previously been demonstrated in studies on the effects of the 
degree of ligand polymerization (Sigurakjold et aU 1991) 
and temperature (Sigurakjold & Bundle, 1992) on antigen 
binding by Sel 55-4. Strong enthalpy-entropy compensation 
has abo been reported for three monoclonal aati-fluorescyl 
antibcdie9(HerronctaL, 1986). Binding ofthehgand by the 
wild type b predominantly en thaipy driven with some favorable 
assistance from entropy. This is somewhat atypical for sugar 
binding to proteins, where entropy is usually unfavorable. The 
source of the favorable entropy contribution is the efficient 
displacement of water molecules from the interacting surfaces 
of the protein binding she and the ligand Changes In enthalpy 
and entropy always tend to compensate each other to some 
degree. For instance, if an enthalpic interaction is lost (eg., 
a salt-bridge, a hydrogen bond, or a van der Waals interactkm), 
an amount of entropy will be gained from this due to increased 
motional freedom and, conversely, increased motional re- 
strictions will be i ntr o du ced if a new binding interaction is 
formed. In aqueous solution, a substantial part of the 
enthalpy— entropy compensation comes from solvent displace- 
ment. When water molecules arrange themselves around the 
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surface of a solute (especially annmd hydrophobic lurf aces), 
they form ordered structures with enihalpically stronger 
hydrogen bonds compensated by Iom of entropy. When these 
mofccuJes are stripped off upon binding, an amount of enthalpy 
is lost, compensated by an increase in entropy. If a group of 
analogous species interact by the same mechanism, then a 
linear relationship between enthalpy and entropy can be 
expected (Leffler ft Grunwald, 1 963). This linear relationship 
determines the extent of the compensation bet we en &H° and 
-TAS*. The Fab mutant* described here all lie on the same 
line of compensation with a slope of 0.86. A slope of less than 
1 (complete compensation) means that the free energy 
correlates with entropy; Le^ the binding becomes stronger as 
-TA5° becomes more negative. It followi from the vun't HofT 
relation, t(m K)ftT - Aff°/(*7*), that when AJP » 0, the 
binding constant JT is at its maximum. By extrapolation of 
the compensation plot, this occurs at -TA5° - AG* - -32.8 
kJmor 1 , which corresponds to K» 5.0 x 10* M" 1 , This K 
can be viewed as the maximum achievable for this particular 
ligandat25 c C. It is seen that K far the wild type is reaianably 
close to this value but that it might be possible by further 
mutation to increase the affinity by a factor of2. Interestingly, 
the highest K found in a study of the temperature dependence 
ofligaiuibuxliagbySel5MwasaJso5^ 
at 18 »C (Sigunkjoid ft Bundle, 1992). 

An unusual number of the H3 residues of Sel55-4 form 
backbone interactions with antigen. In the His lclH Gly mutant, 
the only H3 aide-chain hydrogen bond to antigen was removed 
with surprisingly little effect on binding. A very favorable 
enthalpy term for this mutant suggested that a strong main- 
chain interaction had been introduced at position 101R With 
this change, five of the nine H3 residues are glycine and tour 
are contiguous in the sequence. This highly flexible structure 
should permit reorientation to allow a new interaction, and 
the unfavorable entropy term is consistent with this inter- 
pretation of the remits. It is not possible, however, to exclude 
the explanation that the introduction of water-mediated 
hydrogen bonds accounts for the dramatically increased 
enthalpy contribution to binding. In either case, the data 
ODce ngatn ilhwtratc thcentbalpy^cntropy compensation effect 
(Figure 7) that may explain the difficulty in obtaining affinity 
increases in proteins already possessing good carbohydrate- 
binding properties (Vennersch et al, 1990, 1991). Cry 10 ™ 
was found to be irreplaceable. Its backbone conformation ii 
absolutely crucial because of the involvement of its NH in 
forming a hydrogen-bond network with the hydroxy! groups 
at 0-2-abequosc, 0-2-galactosc, and CM-abeqaose. The 
frequent occurrence of Giy residues in CDR-H3*, as shown 
by reading frame preferences (Abergel ft Oaverie, 1991), is 
therefore not due entirely to their flexible nature but may 
reflect the roles of backbone H-bonding in antigen binding. 
Tyr l03H , a residue at the interlace between the V L and K H 
domains, could be replaced only by alkyl/hydrophobic side 
chains, thui defining its role in the hydrophobic interaction 
between domains. 

The CDR-H3 has a more complex origin than the other 
CDRs, deriving from the D-segment along with junctional 
and N-variabiity. It shows greater variability also as 
underlined by the Wu/Kabat plots of mouse H-chain vari- 
ability (Wu ft Kabat, 1970)* These features point to this 
portion of the antibody combining site having greater Im- 
portance in antigen recognition* The mutation data never- 
theless show that binding activity Is retained in a wide range 
of mutants with only one residue, Gly ,Q2H , being irreplaceable. 
Thus, the natural process of somatic mutation in most cases 



would not result in loss of activity, and this robustness has 
obvious advantages in the efficiency of somatic mutations to 
produce affinity improvements. 

The results presented here once again draw attention to the 
crucial role that framework residue Arg Mtt (position 94H in 
the Kabat numbering system) can play in H3 conformation. 
Changes to thisresidue hsre altered the binding characteristics 
ofanti-digoxin (Panics et al, 1988; Novotny et al, 1990) and 
anti-phosphoryichoiine (Chien et at, 1989) antibodies. It it 
generally assumed that it exerts its structural role by formation 
of a salt-bridge with Asp**" (position 101H in the Kabat 
numbering system). In support of this, Tempest etai. (1991) 
have observed that the grafting of a murine H3 from an 
antibody lacking argioine at this position was successful only 
if the argimne at this position in the human framework was 
substituted. It ii dear that a positive charge at heavy-chain 
position 98 is an essential feature of Sel 5 5-4. The requirement 
for a negative charge at position 106H is leas stringent, 
suggesting that the rdeofAi^ H ianc^liniitedtotheforrnation 
of the Arg*^Asp l06B salt-bridge. An understanding of how 
framework structure affects hypemriable loop conformation 
and of the atomic interactions between loop residues and bound 
antigen will form the basil of successful antibody engineering. 
Foye^ fl ^e,t^e^^^ flf ^iTig^ mil "^mnnodoTiwl antibodies 
by grafting murine CDRs on human frameworks wiU not work 
if loop conformation is distorted in the process; compatible 
frameworks most be identified or engineered (Foote ft Winter, 
1992). 

The blocking of affinity increases by entropy effects and 
the influence of framework changes on antigen binding 
thermodynamics emphasize the limitations of predictive 
redesign of antibodies, even when three-dimensional details 
of antigen and antibody structure are known. The generation 
of random mutations, coupled with the emerging phage display 
technology that enables selection for rare mutants from huge 
libraries (Bar has et al, 1991; Marks et aL, 1991;Naraug et 
aL, unpublished results), may be a preferred route for tailoring 
the binding properties of antibodies to meet different re- 
quirements. 
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Tryptophan H33 plays an important role in pyrimidine (6-^4) 
pyrimidone photoproduct binding by a high-affinity antibody 
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The importance of Trp H33 In antibody recognition of 
DNA containing a central pyrimidine (6-4) pyrimidone 
photoproduct was investigated. This residue was replaced 
by Tyr, Phe and Ala and the binding abilities of these 
mutants were determined by surface plasmon resonance 
and fluorescence spectroscopy. Conservative substitution 
of Trp H33 by Tyr or Phe resulted in moderate losses 
of binding affinity; however, replacement by Ala had a 
significantly larger impact. The fluorescence properties of 
DNA containing a (6-4) photoproduct were strongly affec- 
ted by the identity of the H33 residue. DNA binding 
by both the wild-type and the W-H33-Y mutant was 
accompanied by a small degree of fluorescence quenching; 
by contrast, binding by the W-H33-F and W-H33- A mutants 
produced large fluorescence increases. Taken together, these 
variations in binding and fluorescence properties with the 
identity of the H33 residue are consistent with a role in 
photoproduct recognition by Trp H33 in the high-affinity 
antibody 64M5. 

Keywords: antibodies/fluoresceoce/mutagenesis/pyrimidine 
(6-4) pyrimidone pbotoproduct/surface plasmon resonance 



Introduction 

Pyrimidine (6-4) pyrimidone dimers are major products of 
DNA photodamage that have been associated with mutation 
and cell death in the absence of repair (Friedberg et al, 1 995; 
Sancar, 1 996; Wood, 1 996). In vivo, (6-4) photoproducts are 
detected and corrected efficiently by enzymes of the excision 
repair pathway (Jones and Wood, 1 993). Because they have 
very' nigh binding affinities and specificities that can be 
programmed by proper choice of the immunogen, monoclonal 
antibodies have also been explored as a means to detect and 
quantitate these photolesions (Roza et al, 1 988; Mizuno et al, 
1991; Mori et al, 1991; Matsunaga et al, 1993). While the 
three-dimensional structures of antibodies and repair proteins 
aTe undoubtedly quite different, it is possible that both utilize 
similar features to distinguish photodamage lesions in the 
presence of a vast excess of normal B-helical DNA. We have 
therefore studied a series of murine monoclonal antibodies 
raised against UV-irradiated calf thymus DNA (Mori et al, 
1991). Four of these antibodies were specific for DNA con- 
taining pyrimidine (6-4) pyrimidone photoproducts in both 
single- and double-stranded DNA. The variable region genes 
for these four anti-(6-^) photoproduct antibodies have been 
cloned and sequenced (Morioka et al, 1998). Three of the 



four sequences (antibodies 64M2, 64M3 and 64M5) are highly 
related to one another; however, the 64M5 antibody binds 
antigen at least an order of magnitude more tightly than the 
64M2 and 64M3 antibodies (Mori et al, 1991). 

A variety of techniques have been used to examine the 
details of protein-DNA interactions in the series of anti-(6-4) 
photoproduct antibodies. Computer modeling predicted that 
the Fv structures of antibodies 64M2, 64M3 and 64M5 would 
be highly similar and that interactions with the 
(6-4) photoproduct itself would involve mainly non-charged 
interactions since the center of the combining site was predicted 
to possess few ionizable amino acid side chains (Morioka 
et al, 1998). On the other hand, it was observed experimentally 
that the affinity of the 64M5 antibody for oligonucleotides 
containing a central (6-4) photoproduct increased with increas- 
ing lengths up to a hexanucleotide (Kobayashi et al, 1998a). 
This suggests that electrostatic contacts might be formed 
between antibody side chains and phosphate groups on flanking 
regions of the oligonucleotides and these have been detected 
experimentally by 3i P NMR (Torizawa et al, 1998). A strongly 
cationic patch was observed on the 64M5 VH surface approxi- 
mately 20 A from the center of the combining site. Single and 
multiple alanine replacements for the four lysine residues 
making up this cationic patch were created and the properties 
of these mutants suggested that the region functioned in the 
wild-type protein as an 'electrostatic steering' element during 
the association phase of DNA binding, although these amino 
acid side chains apparently did not interact directly with the 
antigen after binding had occurred (Kobayashi et al, 1998b). 
Mutagenesis studies of CDR loop amino acids that differed 
between the 64M5 and 64M2 antibodies suggested that these 
proteins undergo conformational changes upon antigen binding 
and that the greater propensity to undergo these conformational 
changes is the major reason for the higher affinity of the 64M5 
antibody (Kobayashi etal, 1999). The X-ray crystal structures 
of the tree 64M5 Fab fragment and the 64M2 Fab fragment 
complexed with a d(TT) (6-4) photoproduct dimer have 
been solved recently (Y6koyama,H., Mizutami,R., Satow,Y. ? 
Komatsu,Y, Ohtsuka,E. and Nikaido,0., manuscript in prepara- 
tion). These experimental structures were very similar to those 
predicted by computer modeling and comparison of the bound 
and free states showed the conformational changes expected 
from earlier studies. The apparent stacking interaction between 
the Trp H33 side chain and the 3' pyrimidone nucleotide was 
a particularly striking feature of the 64M2 complex structure 
(Figure 1). This Trp residue, located in VH CDR1, is conserved 
in die 64M2, 64M3 and 64M5 antibodies and also in a number 
of other murine anti-DNA antibodies of the y2a and y2b 
subclasses (Kabat et al, 1992). 

Stacking interactions between indole rings and nucleoside 
bases have been implicated in a variety of protein-DNA 
interactions. NMR studies have demonstrated such interactions 
with undamaged DNA in both model peptides (Sartorius and 
Schneider, 1995) and the HTV capsid protein (Morellet et al, 
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Fig. 1. Pyrimidine (6-4) pyrimidone photoproduct and its interaction with 
the 64M2 antibody. (A) Structure of the d(TT) (6-4) photoproduct 
(B) Contact between the 64M2 Trp H33 side chain and the 3' pyrimidone 
of the bound (6-4) photodimer. These coordinates were taken from the X- 
ray structure of this complex, which was prepared by co-crystallization with 
Uie phouxlimer shown in (A). Heavy atoms of both the protein and DNA 
are shown as heavy gray lines and the van der Waals surface of both Trp 
H33 and the pyrimidone portion of the photoproduct are indicated by black 
dots. 

1998). These interactions have also been observed in damaged 
DNA recognition. Pi-stacking interactions between indole and 
methylated adenine derivatives have been investigated by 
smalt-molecule X-ray crystallography (Ishida et aL, 1983; 
Yamagata et aL, 1994) as models for the repair enzyme 3- 
methyladenine DNA glycosylase, whose crystal structure in a 
complex with DNA has been recently determined (Lau et aL, 
1998). A 7i-stacking role for a tryptophan side chain has 
also been proposed for Escherichia coli exonuclease III (AP 
endonuclease VI) (Shida et aL, 1996). 

In this paper, we examine the role of Trp H33 in photoproduct 
binding by the 64M5 scFv. Mutants were constructed in which 
this residue was substituted with phenylalanine, tyrosine or 
alanine. While the W-H33-F and W-H33-Y mutants retained 
a large fraction of the wild-type binding affinity for DNA's 
containing a (6-4) photoproduct, the W-H33-A substitution 
dramatically diminished antigen binding. Pyrimidine (6-4) 
pyrimidone photoproducts are fluorescent, and this property 
was exploited to probe the local environment of the bound 
antigen in the wild-type and the mutant scFvs. Taken together, 
our results indicate that Trp H33 plays a key role in DNA 
photoproduct binding by the 64M5 antibody, most likely by 
^-stacking interactions. 

Materials and methods 

General 

Restriction and DNA modifying enzymes were purchased from 
Takara Shuzo, New England Biolabs, Bethesda Research Labs, 
Stratagene, Toyobo or Boehringer Mannheim. Reagents were 



obtained from Wako Pure Chemical Industries, Nacalai Tesque 
or Sigma Chemical and were used as received. DNA phos- 
phoramidite reagents were obtained from Perkin Elmer Applied 
Biosystems. Routine ctoning was performed according to 
Sambrooke/ al (1989). 

Preparation of oligonucleotides 

Solid-phase oligonucleotide synthesis was carried out on an 
Applied Biosystems Model 394 DNA/RNA synthesizer using 
standard p-cyanoethyl chemistry according to the manufac- 
turer's protocol Oligonucleotides were purified for surface 
plasmon resonance measurements by reversed-phase HPLC 
(jiBondapak CI 8, Waters). Those used for molecular biology 
techniques were purified by denaturing polyacrylamide gels. 3 
Biotinyiated oligonucleotides containing a (6-4) photoproduct 
(T[6-4]T and CAAT[6-4]TAAG) were prepared as described 
previously (Kobayashi et aL, 1998a). 

Production and isolation of mutant 64M5 scFvs 

Trp H33 was replaced by alanine, phenylalanine and tyrosine 
using PGR methods (Higuchi, 1 989) and detailed procedures 
have been described previously (Kobayashi et al., 1999). All 
mutant DNA sequences were confirmed by automated DNA 
sequencing (Applied Biosystems Model 3 73 A). Once con- 
structed, each mutant scFv gene was introduced into an 
expression plasmid in which the scFv was fused to a hexahisti- 
dine tag (Kobayashi et aL, 1999). 

All of the scFv's accumulated in Escherichia coli cells in 
the form of inclusion bodies according to SDS-PAGE and 
western blotting. Active proteins were obtained by solubilizing 
the inclusion bodies in 6 M guanidinium hydrochloride fol- 
lowed by an on-column refolding and purification procedure 
(Kobayashi et aL, 1999). The scFv's were further purified by 
gel filtration using a Superose 12 HR 10/30 column equilibrated 
with HBS (10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM 
EDTA, 0.005% Tween-20) using a SMART-systera (Pharmacia 
Biotech). 

Surface plasmon resonance determination of (6-4) 
photoproduct binding by scFv s 

Binding of scFv's to oligonucleotides containing a (6-4) 
photoproduct was measured by surface plasmon resonance 
(SPR) measurements using a B LA core instrument as described 
previously (Kobayashi et aL, 1999). The minimal amount of 
DNA was immobilized on the sensor chip in order to avoid mass 
transport limitations. Injections of biotinyiated oligonucleotides 
(0.01 pmol/nl in HBS) were repeated until the SPR signal was 
increased by 10-30 resonance units (RU) above the original 
baseline. Purified scFv's were diluted in HBS buffer, then they 
were injected over the immobilized oligonucleotides at a flow 
rate of 100 ^tl/min over a concentration range from 10 to 200 
nM. Sensorgrams were recorded and normalized to a base line 
of 0 RU. Equivalent volumes of diluted antibodies were also 
injected over a non-oligonucleotide surface to serve as blank 
sensorgrams to allow subtraction of the bulk refractive index 
background. The association was monitored by measuring the 
rate of binding to antigen at different protein concentrations. 
The dissociation of these antibodies from the antigen surface 
was monitored after the end of the association phase. The 
remaining bound antibodies were removed completely by 
injecting 50-100 \i\ 100 mM HCL Kinetic rate constants were 
calculated using BIAevaluation 2.1 software (Biacore) using 
a single-site binding model (A + B = AB). The ratio of the 
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Fig. 2. Fluorescence emission spectra of the (6-4) photoproduct with excitation at 313 nm in the presence of wild-type 64M5 scFv. (A) Emission spectrum of 
200 pmol [5'<l(CAAT(6-4)TAAG)-3'] in the presence of 0, 100 and 200 pmol wjJd-type 64M5 scFv. (B) Emission spectrum of 50 pmol [5'-d(T(6-4)T)-3'] 
in the presence of 0, 25, 50 and 100 pmol wild-type 64M5 scFv. No clear trend in intensity changes as a function of added scFv was observed in this case. 



Table L Kinetic constants for the bindii 


i£ of scFv's to oligonucleotides containing a (6-4) photoproduct 






scFv 


d2-mer-(6-4) a 






d8-mer-(6-4) D 
















Ka* (r 1 ) 


W*«* CM) 


Wild type c 
W-H33-Y 
W-H33-F 
W-H33-A 


(9.5±0.7)X10' 
(9.0±0.1)X10 4 
(1.9±0.3)X10 4 
ND 


(1.5±0,2)X10 3 
(4.4±0.4)X10~ 3 
(8.4±0.3)X10" 3 
ND 


1.6±0.2)X10 9 
(4.9±0.4)X10*-* 
(4.4±a7)Xl(T 7 


(i.l±0.1)X10 fi 
(4.8±0.3)X10 5 
(4.5±0.1)X10 5 
f!-3±0.6)Xl0 5 


(i.i±0J)xia 4 

(2.1±0.1)X1(H 
(2.1±0.1)X10^ 
(1.0*0. l)Xl(T 2 


(1,0±0J)X10 10 
(4.4±0.3)X10- J0 
(4.7±0.2)X10- 10 



a d(T<6-4>T). 

h d(C AAT < 6-4 > TAAG). 

'Kobayashi W al. (1999). 

ND, No binding detected under standard conditions. 



rate constants allowed the apparent equilibrium constant to be 
calculated, K D ap(i = k^/k^. 

Fluorescence measurements of (6-4) photopmduct with 
scFvs 

Steady-state fluorescence excitation and emission spectra of 
(6-4) photoproduct with scFv's were measured on a Model 
FP-777 spectrofluorometer (Japan Spectroscopic Co, Ltd) using 
a 6 mm square cuvette and a sample volume of 200 jxl. The 
emission spectra were recorded over the wavelength range 
from 250 to 500 nm with an excitation wavelength of 313 nm. 
The spectral bandpass was 5 nm for all emission spectra. After 
obtaining the emission scan for the photoproduct-containing 
oligonucleotides alone in a HBS buffer, scFv proteins were 
added at the indicated concentrations and allowed to equilibrate 
for 30 min at 25°C prior to spectral measurements. 

Results 

A tryptophan at position H33 is present in all three closely- 
related anti-(6-4) photoproduct antibodies (64M2, 64M3 and 
64M5). Moreover, the three-dimensional structures of the 
64M2 and 64M5 Fab fragments determined by X-ray crystal- 
lography are highly similar (Yokoyama,H., MizutamiJR., 
Satow,Y, KomatsUjY., Ohtsuka,E. and Nikaido s O., manuscript 
in preparation). We therefore chose to investigate the role of 
Trp H33 in the context of the 64M5 scFv since this antibody 



has the highest affinity for photoproduct-containing oligonucle- 
otides (Mori et aL, 1991) and because of our previous 
experience in site-directed mutagenesis studies of the 64M5 
scFv (Kobayashi et aL, 1998b, 1999). We expect the role of 
Trp H33 to be identical in antigen binding by the 64M2, 64M3 
and 64M5 antibodies. All scFv's used in this study had 
the VL-linker-VH— His^ structure that better reproduces the 
binding properties of the native 64M5 monoclonal antibody 
and the proteolytically -prepared Fab fragment (Kobayashi 
et ah, 1999). 

We replaced Trp H33 by Ala, Fhe and Tyr using standard 
site-directed mutagenesis techniques (Higuchi, 1989) and 
expressed the scFv proteins along with C-terminal hexahistidine 
tags in E.cofi as inclusion bodies. The pure scFv proteins were 
prepared by solubilizing the inclusion bodies with denaturant, 
capturing the unfolded proteins on metal affinity columns, 
then re-folding the scFv proteins while still attached to the 
solid support (Kobayashi ei aL, 1999). After elution from the 
metal affinity column, the scFv's were further purified by gel 
filtration chromatography. The final chromatography step also 
indicated that the wild-type and all three mutant scFv's were 
predominantly monomeric under the experimental conditions. 

The rate constants for photoproduct binding by the scFv's 
were determined by surface plasmon resonance and the data 
are sunimari2^d in Table I. Two DNA's were used: the (6-4) 
photodimer and an octanucleotide that contained a central 
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Fig. 3. Fluorescence emission spectra of the (6-4) photoproduct with excitation at 313 nm in the presence of mutant 64M5 scFv*s. When observable, trends 
in intensity changes as a function of added scFv are indicated by arrows. (A) Emission spectrum of 50 pmol [5'-d(T(6-4)T)-3'] in the presence of 0, 25, 50 
and 100 pmol W-H33-Y 64M5 scFv. (B) Emission spectrum of 200 pmol [5'-d(CAAT(6~4)TAAG)-3'] in the presence of 0, 100 and 200 pmol W-H33-Y 
64M5 scFv. (C) Emission spectrum of 50 pmol [5'-d(T(6-4)T)-3'J in the presence of 0, 25, 50 and 100 pmol W-H33-F 64M5 scFv. (D) Emission spectrum of 
200 pmol [5 '-d(CAAr(6~4)TAAG)-3 '] in the presence of 0, 100 and 200 pmol W-H33-F 64M5 scFv. (E) Emission spectrum of 50 pmol [5'-d{T(6-4)T>3'J 
in the presence of 0, 25, 50 and 100 pmol W-H33-A 64M5 scFv. (F) Emission spectrum of 200 pmol [5'-d(CAAr(6-4)TAAG>3 / ] in the presence of 0, 100 
and 200 pmol W-H33-A 64M5 scFv. 



(6-4) photoproduct. The former was designed to probe inter- 
actions with the photoproduct itself while the latter would also 
allow contributions to binding energy by contacts with flanking 
nucleotides. The W-H33-A mutant was unable to bind the 
dimer at detectable levels under our experimental conditions, 
although binding to the octamer was measurable. 

The (6-4) photoproduct fluoresces with an emission 
maximum near 405 nm when excited at 3 13 nm (Hauswirth and 



Wang, 1977; Franklin et al % 1982). Because the fluorescence 
properties depend on the relative torsional angle between the 
5'-pyrimidine and the 3 '-pyrimidone ring of the photoproduct, 
we exploited this technique to characterize DNA binding by 
the 64M5 scFv mutants. Figure 2 shows the emission spectra 
of the (6-4) photoproduct dimer and octamer used previously 
to characterize the scFv's by surface plasmon resonance. Step- 
wise addition of the wild-type 64M5 scFv caused a small 
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Fig. 4. Graphical representation of rate constants for photoproduct binding 
as determined by surface plasmon resonance. 

progressive decrease in fluorescence intensity in the case of 
the octarner; however, only very slight changes were observed 
in the case of the dimer and no trend was apparent In the 
case of the octarner, infinitely tight binding would be expected 
under the experimental conditions and the extent of fluores- 
cence quenching as a function of added scFv was consistent 
with this expectation. Repeating this experiment with the W- 
H33-Y mutant gave similar results (Figure 3A and B). In the 
case of the octarner, infinitely tight binding was expected on 
the basis of the K Dm value determined by surface plasmon 
resonance and the data fit this expectation. In the case of the 
photoproduct dimer, both the DNA and the scFv concentrations 
were within an order of magnitude of the K D ^ value. These 
data could be well described by a quadratic binding equation 
that incorporated the K Df0pp value deterrnined by surface 
plasmon resonance (data not shown), demonstrating that both 
methods for detecting scFv-DNA interactions yielded consist- 
ent results and that the observed fluorescence changes are 
unlikely to be experimental artifacts. 

When photodimer fluorescence spectra were determined in 
the presence of increasing concentrations of the W-H33-F 
mutant, large increases in fluorescence intensities were 
observed along with a pronounced blue shift (Figure 3C and 
D). Similar behavior was observed for the W-H33-A mutant 
(Figure 3F). These data were also consistent with quadratic 
binding equations incorporating K Dm values determined by 
surface plasmon resonance. Only small fluorescence changes 
were detected when the W-H33-A mutant was added to the 
(6-4) photodimer (Figure 3E), consistent with our inability to 
detect this interaction by surface plasmon resonance. 

Discussion 

While Trp commonly occurs at position H33 in anti-DNA 
antibodies, and it is conserved among all three closely-related 
anti-(6-4) photoproduct antibodies, a variety of other residues 
are also found in the Kabat database at this location including 
Ala, Phe and Tyr (Kabat et al, 1992). All three H33 mutants 
retained the ability to bind (6-4) photoproduct-containing 
DNA, suggesting mat the mutations did not drastically alter 
the native three-dimensional structure. The rate constants for 
(6-4) photoproduct binding by the wild-type and mutant scFv's 



are shown graphically in Figure 4. As would be expected for 
a residue that interacts strongly with the photoproduct itself, 
mutations of Trp H33 had the greatest impact on binding of 
the photodimer. The flanking nucleotides present in the octarner 
provide additional contacts independent of Trp H33 (Morioka 
et ai, 1998), and this reduces the impacts of all but the Ala 
mutation. The latter may be a special case, however, since the 
dramatic reduction in side chain volume may also affect the 
positioning of other nearby residues. 

The energetic impact of removing Trp H33 on DNA binding 
is consistent with its proposed role in stacking with the 
photoproduct 3'-pyrirnidone base and with the results of site- 
directed mutagenesis studies of Trp-DNA interactions in other 
proteins. For example, Voss and co-workers analyzed the 
consequences of mutating Trp H100A in anti-single-stranded 
DNA autoantibody BV04-01, whose side-chain had been 
shown by X-ray crystallography to stack against the central 
thymine base of bound d(T 3 ) (Rumbley et aL, 1 993). The role 
and positioning of ihis residue is thus analogous to that of Trp 
H33 in our photoproduct antibodies. Substitution of Trp H 100A 
in BV04-01 by Tyr or Phe led to decreases in K D values of 
22- and 44-fold, respectively (Rumbley et ai, 1993). The 
corresponding alterations in values for mutation of Trp 

H33 to Tyr and Phe in 64M5 are 3 1- and 280-fold, respectively. 
In the case of DNA repair protein E.coli photolyase, a 
tryptophan side chain (Trp 277) is positioned within the 
substrate binding pocket (Park et a!., 1995). While mutation 
of this residue to Phe or His had little effect on substrate 
binding, replacement by His or Arg diminished the affinity of 
the protein by 1000-fold (Li and Sancar, 1990). 

The alterations in (6-4) photoproduct fluorescence properties 
with changes in the H33 residue are also consistent with a 
7t-stacking interaction involving Trp H33. Each mutation was 
introduced into the X-ray crystal structure of the 64M5 scFv 
using computer modeling. Interestingly, the aromatic rings of 
both Tyr and Phe were predicted to overlap with the 3'- 
pyrimidone base more extensively than the indole side chain 
of Trp H33. While it is not possible to quantitatively interpret 
the fluorescence changes caused by the 64M5 scFv, we note 
that the decrease in (6-4) photoproduct fluorescence intensity 
caused by the wild type 64M5 scFv was identical to that 
observed for the proteolytically-prepared 64M5 Fab (data not 
shown), suggesting that this quenching is an mtrinsic part of 
the binding interaction rather than an artifact of the scFv. 
However, we cannot determine whether these changes in 
fluorescence properties are due to changes in the relative 
angle between the pyritnidine and pyrimidone 7t- systems upon 
binding, resonance energy transfer to nearby 7C-systems or 
some other mechanism. It is clear that replacing Trp H33 with 
Phe or Ala alters the local environment of the (6-4) photodimer 
since binding is accompanied by large fluorescence increases 
that are not seen with the wild-type scFv. 

In summary, the results of the present study argue that Trp 
H33 plays a key role in (6-4) photoproduct binding by the 
high-affinity 64M5 antibody. Whether enzymes that recognize 
and repair these photolesions will also utilize a similar inter- 
action with the 3'-pyrimidone base remains to be determined. 
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